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SUMMARY: The incorporation of polyunsaturated fatty acids into the sn-1 position of egg-yolk phosphati-
dylcholine (PC) in the process of lipase-catalyzed interesterification was investigated. For this purpose plant 
oils containing these acids in the triacylglycerol (TAG) form were used as acyl donors and three commercially 
available immobilized lipases were examined as biocatalysts. In all the experiments the best results were obtained 
using Novozym 435. After 72 h of the reaction of PC with linseed oil the maximum incorporation of α-linolenic 
acid into PC was 34%. The result of this reaction was also a reduction in the n-6/n-3 ratio in egg-yolk PC from 
24.5 to 0.7. The highest incorporation n-6 PUFAs into PC were obtained with evening primrose oil as the acyl 
donor, and in this case, 50.7% of n-6 PUFA as the sum of linoleic and γ-linolenic was achieved. The highest 
content of γ-linolenic acid in modified PC (7.3%) was achieved in the reaction of PC with borage oil.
KEYWORDS: Egg-yolk phosphatidylcholine; Interesterification; Lipase; Plant oil; Polyunsaturated fatty acids; 
Structured phospholipids
RESUMEN: Interesterificación de fosfatidilcolina de yema de huevo y aceites vegetales catalizada por lipasas. Se 
ha investigado la incorporación de ácidos grasos poliinsaturados en la posición sn-1 de fosfatidilcolina de yema 
de huevo (PC) en el proceso de interesterificación catalizado por lipasas. Para lograr este propósito, fueron 
examinados aceites vegetales que contienen estos ácidos en la forma de triacilgliceroles (TAG) como donadores 
de acilo y tres lipasas inmovilizadas disponibles comercialmente. En todos los experimentos los mejores resul-
tados se obtuvieron para Novozym 435. La incorporación máxima de ácido α-linolénico en PC fue del 34% 
después de 72h de la reacción de PC con aceite de linaza. El resultado de esta reacción fue también la reducción 
de la relación de n-6/n-3 en PC de yema de huevo de 24.5 a 0.7. La incorporación más alta de n-6 PUFAs en PC 
se logró para el aceite de onagra como donador de acilo, en este caso se alcanzó el 50.7% de n-6 PUFA, como 
suma de los ácidos linoleico y γ-linolénico. El mayor contenido de ácido γ-linolénico en PC modificado (7.3%) 
se logró en la reacción de PC con aceite de borraja.
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estructurados; Interesterificación; Lipasa
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1. INTRODUCTION
Polyunsaturated fatty acids (PUFA) of the n-3 
series as well as those of the n-6 series are known to 
be essential nutrients in the human diet. Linoleic acid 
(LA, 18:2, n-6) and α-linolenic acid (ALA, 18:3, n-3) 
as essential fatty acids (EFA) are very important 
for maintaining bio-functions in mammals (Nagao 
and Yanagita, 2008; Vessby, 2003). Because of the 
lack of adequate desaturases human systems do not 
synthesize linoleic acid and α-linolenic acid. Once 
obtained from the diet, ALA can be further metabo-
lized by Δ-6 desaturation, elongation and Δ-5 desatu-
ration to eicosapentaenoic acid (EPA, 20:5, n-3) and 
docosahexaenoic acid (DHA, 22:6, n-3), while LA is 
converted by the same enzymatic route to γ-linolenic 
acid (GLA, 18:2, n-6) and arachidonic acid (ARA, 
20:4, n-6).
It has been reported that the consumption of n-3 
PUFA, especially ALA and DHA, correlates with a 
reduced risk of cancer and cardiovascular diseases 
and prevents hypertension (Berry and Hirsch, 1986; 
Bigger and El-Sherif, 2001; Holub and Holub, 2004; 
Kris-Etherton et al., 2004). DHA is a crucial fac-
tor in the normal development of brain and retina 
(Uauy and Dangour, 2006). ARA and EPA are 
the parent compounds for the production of eico-
sanoids whereas skin improving effects have been 
ascribed mainly to LA and GLA (Muggli, 2005; van 
Gool et al., 2004).
Phospholipids (PL) are very interesting natural 
compounds for many reasons. They are the main 
structural components of biological membranes 
and they take a part in cell signaling mechanisms 
(Dowhan, 1997). In addition, they are found in 
several industrial applications, e.g. as emulsifiers 
in pharmaceutical and food products and compo-
nents of liposomes for cosmetics and drug delivery 
(Gabizon et al., 1997; Schneider, 2001).
Some oilseeds (e.g. soybean) and egg-yolk are 
particularly rich in phospholipids. The egg-yolk leci-
thin comprises 78% phosphatidylcholine (PC), 18% 
phosphatidylethanolamine (PE) and 2% cholesterol. 
The major fatty acids in egg-yolk PC are: palmitic 
(16:0; 35%), stearic (18:0; 13.4%), oleic (18:1; 30.4%), 
linoleic (18:2; 18%) and arachidonic (20:4; 3.2%) 
(Palacios and Wang, 1995). It should be emphasized 
that the fatty acid composition of egg-yolk lipids 
is strongly influenced by modifications in the hens’ 
diet (Cobos et al., 1995). Studies showed that when 
hen feed was supplemented with some plant or fish 
oils the enrichment of egg-yolk lipids (especially PC) 
with n-3 polyunsaturated fatty acids (PUFA) was 
observed (Gładkowski et al., 2011; Lewis et al., 2000; 
Fraeye et al., 2012). Nevertheless, their total content 
in yolk fatty acid composition did not exceed 15%.
Phospholipids as the source of essential fatty acids 
may be an efficient dietary vehicle to deliver these 
valuable components. Considerable efforts are being 
made to incorporate health-promoting fatty acids 
from the n-3 or n-6 family into PL in the production 
of food or cosmetic additives. Incorporating DHA 
and EPA into PL was reported by several authors 
(Haraldsson and Thorarenson, 1999; Mutua and 
Akoh, 1993; Kim et al., 2010; Garcia et al., 2008). 
Reports on the incorporation of LA, ALA or GLA 
especially into PC isolated from egg-yolk are limited 
(Ghosh and Bhattacharyya, 1997; Hara et al., 2002).
The use of lipases and phospholipases allows 
for the specific removal or replacement of the acyl 
chains at position sn-1 or sn-2 of PL via hydrolysis 
and reesterification or through direct interesterifi-
cation using different acyl donors (Haraldsson and 
Thorarenson, 1999; Mutua and Akoh, 1993; Lyberg 
et al., 2005; Park et al., 2000; Baeza-Jimenez et al., 
2012; Kim et al., 2007).
The results of our studies on the incorporation 
of ALA into egg-yolk PC in the sn-1 and sn-2 posi-
tion have been reported previously (Chojnacka 
et al., 2009). Because of the fact that natural plant 
oils are a rich source of PUFAs in the form of tria-
cylglycerols (TAG), in these studies we looked into 
the possibilities of producing ALA-, LA- or GLA-
enriched PC in the lipase-catalyzed direct interester-
ification of egg-yolk PC with plant oils. During this 
reaction the acids from the sn-1 position of PC are 
exchanged to the acids in the sn-1 and sn-3 positions 
of TAGs from oils (Scheme 1). No data about the 
application of edible oils as reagents in the enzy-
matic incorporation of PUFA into phospholipids 
have been reported as yet.
2. MATERIALS AND METHODS
2.1. Materials
Lohmann Brown hens’ eggs were a gift from the 
Tronina factory. Linseed oil, sunflower oil, safflower 
oil, borage oil and evening primrose oil were pur -
chased from the Oleofarm Co., Poland. Lipozyme TL 
IM (a  silica granulated Thermomyces lanuginosus. 
lipase preparation, 250 U/g), was a gift from the 
Novozymes A/S (Bagsvaerd, Denmark). Lipase B from 
Candida antarctica (synonym: Novozym 435 > 5,000 
U/g), immobilized in a macroporous acrylic resin 
and lipase from Mucor miehei (Lipozyme® > 30 U/g), 
immobilized in an anion-exchange resin were pur-
chased from Sigma-Aldrich. Methanol (pure p.a.), 
hexane (pure p.a.), acetone (pure p.a.) and chloroform 
(pure p.a.) as well as NaOH, NaCl and anhydrous 
MgSO4 were purchased from Chempur
® (Poland, 
Piekary S´la˛skie). HPLC grade solvents: 2-propanol, 
n-hexane (used also for the enzymatic reaction), and a 
boron trifluoride methanol complex solution (13–15% 
BF3 × MeOH) were purchased from Sigma–Aldrich. 
Boron trifluoride ethyl etherate (48% BF3/Et2O) 
was bought from Fluka. Ethanol (95%) was pur-
chased from POCh (Poland, Gliwice). The silica gel 
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(Kieselgel  60, 230–400 mesh) used in the column 
chromatography and silica gel-coated aluminium 
plates (Kieselgel 60 F254, 0.2 mm) used in thin layer 
chromatography (TLC) were purchased from Merck.
2.2. Isolation of PC from egg-yolk
A pure phospholipid fraction (1.35 g) was iso-
lated from 20 g of the fresh egg-yolk by the extrac-
tion with ethanol and precipitation of crude 
PL-fraction with cold acetone (Gładkowski et al., 
2012). The pure PC (0.9 g) was separated from this 
fraction by silica gel column chromatography (chlo-
roform/methanol/water, 65:25:4, v/v/v).
2.3. The lipase-catalyzed interesterifi cation of PC 
with plant oils
The reactions were carried out using three differ-
ent lipases, in N2 atmosphere, at 55 °C. They were 
initiated by adding 270 mg of enzyme (20% w/w of 
total substrates) to the mixture containing egg-yolk 
PC (0.52 mmol, 400 mg) and plant oil (1.05 mmol) 
in 5 mL of hexane. The reaction mixture was agi-
tated in a magnetic stirrer at 300 rpm. All trials were 
carried out in duplicate. The reactions were stopped 
at the selected time interval by enzyme filtration 
and modified PC and LPC were separated from the 
mixtures by column chromatography and then con-
verted to fatty acid methyl esters (FAME).
2.4. Analysis
High performance liquid chromatography (HPLC) 
analysis was carried out using a DIONEX UltiMate 
3000 LC system equipped with a CORONA CAD 
detector (ESA Biosciences, Chelmsford, MA). A 
Waters Spherisorb S5W column (150 × 4.6 mm) 
was used for analysis. The HPLC gradient pro-
gram (flow rate 1mL·min−1) was set as follows: at 
0  min 59/40/1 (%A/%B/%C), at 6 min 52/40/8, at 
21 min 59/40/1, then held for 5 min (A/B/C = water/
hexane/2-propanol).
The progress of enzymatic reactions and purity 
of the products were monitored by TLC on silica 
gel-coated aluminium plates (chloform/methanol/
water, 65:25:4, v/v/v). The purity of the modified 
phosphatidylcholine was determined by HPLC after 
prior purification by means of column chromatog-
raphy on silica gel using the same eluent as men-
tioned above.
2.4.1. Preparation and analysis of FAME 
Samples (50 mg) were dissolved in 2 mL of a 
0.5  M methanolic NaOH solution. After heating 
for 2 minutes under reflux 1 mL of BF3 × MeOH 
complex solution was added and the mixtures were 
heated again for 3 minutes. After cooling the mixture 
was extracted with 1 mL of hexane and the organic 
layer was washed with a saturated NaCl solution. 
Hexane extracts were dried over anhydrous magne-
sium sulphate (MgSO4) and analyzed directly by GC 
using a 70% cyanopropyl polysilphenylene-siloxane 
column (TR FAME, 30 m × 0.25 mm × 0.25 μm) and 
FID detector. The temperature parameters were as 
follows: injector 250 °C, detector 280 °C, column: 
160 °C (held 3 min), 160–220 °C (rate 5 °C·min−1), 
220–260 °C (rate 30 °C·min−1), 260 °C (held 3 min). 
Total time: 19.33 min. FAs were identified by com-
paring the retention times of their methyl esters with 
a standard FAMEs mixture (Supelco 37 FAME Mix) 
purchased from Sigma-Aldrich.
2.4.2. Positional analysis of fatty acids in native 
and modifi ed PC 
The procedure described by Kiełbowicz et al. 
(2012) was applied:
Position sn-1. Ethanol (95%, 2 mL) and Lipozyme® 
(0.4 g) were added to PC (0.05 g) and the mixture 
was shaken vigorously for 8 h. The enzyme was fil-
tered off, ethanol was evaporated and the remaining 
material was suspended in 2 mL of water and vigor-
ously mixed using a vortex mixer. The obtained sus-
pension was transferred to a 15 mL vial and 3 mL of 
hexane were added to extract free fatty acids (FFA) 
and fatty acid ethyl esters (FAEE) released from the 
sn-1 position of PC. The two phases obtained after 
extraction were separated. The water fraction con-
taining 2-acyl LPC was left for further analysis (see 
“position sn-2”). The solvent (from hexane extract) 
was evaporated and 2 mL of anhydrous ethanol and 
1 mL of 48% BF3/Et2O were added. The mixture 
was refluxed for 3 min to complete the conversion 
of FFA into FAEE. After cooling the mixture was 
SCHEME 1.
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extracted with 1 mL of hexane and the organic layer 
was washed with a saturated NaCl solution, dried 
over anhydrous MgSO4 and FAEE were analyzed 
directly by gas chromatography to give the composi-
tion of FA in the sn-1 position of PC. The temper-
ature parameters during the GC analysis were the 
same as those for the analysis of FAME. The FAs 
were identified by comparing the retention times of 
their ethyl esters with a standard FAEEs mixture 
previously prepared (Kiełbowicz et al., 2012).
Position sn-2. The water fraction with 2-acyl LPC 
was concentrated at 60 °C in vacuo and the remain-
ing material was dissolved in 0.5 mL of hexane and 
transferred to a centrifuge bottle where cold acetone 
(−20 °C, 10 mL) was added to precipitate 2-acyl 
LPC. The precipitate was carefully washed 3 times 
with 10 mL portions of cold acetone and  the sol-
vent was removed by decantation each time. The 
mixture was then centrifuged (10,000g, 1 min). The 
supernatant was removed and 10 mg of sample of 
pure 2-acyl LPC were dissolved in 2 mL of a 0.5 M 
ethanolic NaOH solution and heated under reflux 
for 2 min. Afterwards, 1 mL of 48% BF3/Et2O was 
added to convert the fatty acid from the sn-2-position 
to FAEE. Further treatment of samples before GC 
analysis was the same as described for the analysis 
of FA from the sn-1 position.
3. RESULTS AND DISCUSSION
Lipase-catalyzed egg-yolk phosphatidylcholine-
plant triacylglycerol interchange reaction (Scheme 1) 
was applied to modify PC to increase its nutritional 
qualities.
The material for our studies was PC isolated 
from Lohmann Brown hens’ eggs. It was previously 
subjected to FA analysis and the results (Table 1) 
showed that palmitic (16:0) and oleic (18:1) were 
the predominating ones. The first one as well as 
stearic acid (18:0) are located in the sn-1 posi-
tion whereas the oleic acid is the major acid in the 
sn-2 position. The sn-2 position is also occupied 
by unsaturated acids from the n-6 family (LA and 
ARA) (Table 2). The presence of  small quantities 
of  DHA and EPA can be observed as the result 
of  feeding the hens with feed supplemented with 
dietary sources of  n-3 PUFAs such as flaxseed and 
fish oils. The studies revealed that in this way EPA, 
DPA and DHA can be incorporated only at the 
sn-2 position (Gładkowski et al., 2011; Gładkowski 
et al., 2014) whereas ALA is not accumulated in the 
PL fraction at all (Aymond and van Elswyk, 1995).
Unsaturated fatty acids present at the sn-2 posi-
tion can be released in humans only by phospholi-
pase A2. In order to make them more bioavailable 
we decided to apply 1,3-regioselective lipases to the 
modification of egg-yolk PC. The introduction of 
desired fatty acids in the sn-1 position will make 
them more susceptible to the lipases present in our 
digestive track.
As the acyl donors we chose commercial plant 
oils in which ALA, LA and GLA are present in the 
form of triacylglycerols. The fatty acid composi-
tion of TAGs from these oils (Table 1) indicates that 
the content of linoleic acid in safflower, sunflower 
and evening primrose oils is 70–75% and linseed 
oil is the richest source of α-linolenic acid (58.5%). 
Additionally, evening primrose oil and borage oil 
contain γ-linolenic acid (10.4 and 20.7%, respec-
tively). A stereospecific analysis in edible plant oils 
showed that with some exceptions such as cocoa 
butter or peanut oil, unsaturated fatty acids are 
almost equally distributed in all positions of the 
glycerol skeleton (Brockerhoff and Yurkowski 1966; 
Christie et al., 1991).
3.1. Interesterifi cation of egg-yolk PC with linseed oil
The fortification of phospholipids with ALA is 
especially desirable because of the metabolism path-
way in which ALA is converted to EPA and DHA by 
the elongation and desaturation of the hydrocarbon 
chain. Previous studies on the preparation of ALA-
enriched PC were limited to the acidolysis process 
TABLE 1. The fatty acid profile of starting materials (% according to GC)a
FA Native PC Linseed oil Safflower oil Sunflower oil Evening primrose oil Borage oil
C16:0 30 5.4 7.3 7.9 6.7 9.9
C16:1 1.5 – – – – –
C18:0 15 3.3 2.8 4.9 2.0 5.7
C18:1 28 16.8 19.5 16.3 5.7 19.3
C18:2 20 16.0 70.4 70.9 74.3 40.3
C18:3 (ALA) – 58.5 – – – –
C18:3 (GLA) – – – – 10.4 20.7
C20:4 (ARA) 4.5 – – – 0.9 4.1
C22:6 (DHA) 1 – – – – –
aTabular entries are the average of duplicate determinations from different experimental trials.
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of egg-yolk PC with ALA (Chojnacka et al., 2009), 
the transesterification of soy lecithin with the methyl 
esters of linseed oil (Ghosh and Bhattacharyya, 
1997) and transacylation of phospholipids with syn-
thetic monolinolenin (Hara et al., 2002). Due to eco-
nomic reasons it is desirable to look for inexpensive 
acyl donors for that purpose. Therefore we decided 
to use linseed oil, a natural source of ALA, as an 
acyl donor in lipase-catalyzed direct interesterifica-
tion with PC. The fatty acid composition of linseed 
oil TAG (Table 1) revealed that it contains almost 
60% of ALA whereas the purity of commercially 
available ALA is about 70%.
Three commercially available lipases: Lipozyme®, 
Lipozyme TL IM and immobilized Candida ant-
arctica lipase B (Novozym 435) were tested in our 
studies. Two first enzymes are classified as 1,3-regio-
specific lipases (Guo et al., 2005), the third one is 
classified as non regiospecific lipase but shows high 
selectivity towards the sn-1 position (Virto and 
Adlecreutz, 2000).
The specificity of these enzymes prevents the 
transesterification of unsaturated fatty acids at 
the sn-2 position of PC. As a result, only the satu-
rated fatty acids from the sn-1 position of PC are 
exchanged during the interesterification process to 
the unsaturated fatty acids from the sn-1 and sn-3 
positions of TAGs from plant oils.
Novozym 435 is possibly the most common 
lipase used as biocatalyst in organic synthesis 
(Anderson et al., 1998). This immobilized prepara-
tion is obtained by the immobilization of lipase B 
from Candida antarctica via the interfacial activa-
tion of the enzyme on a moderately hydrophobic 
resin, Lewatit VP OC 1600 (Uppenberg et al., 1994).
Lipozyme TL IM also has been used in mul-
tiple reactions (Fernandez-Lafuente, 2010). It is an 
immobilized lipase from Thermomyces lanuginosus 
produced by a genetically modified strain of Asper-
gillus oryzae and immobilized on a silicate via ionic 
adsorption (Peng et al., 2002).
Immobilized lipase from Rhizomucor miehei 
(RML) has been produced and used mainly in the 
modification of oils and fats, but it has also been also 
successfully applied in many reactions in organic 
chemistry (Rodrigues and Fernandez-Lafuente, 
2010). The support of this immobilized enzyme is 
Duolite ES 562, a weak anion exchange resin based 
on phenol-formaldehyde copolymers (Huge-Jensen 
et al., 1987).
All of these lipases are commonly used for the 
modification of natural acylglycerols (Gunstone, 
1999; Lee and Akoh, 1998; Fomuso and Akoh, 
1998; Akoh et al., 1995) and synthetic or natural 
phospholipids (Vikbjerg et al., 2005; Lyberg et al., 
2005; Peng et al., 2002; Mutua and Akoh, 1993). 
They also showed activity in the acidolysis of PC 
with ALA (Chojnacka et al., 2009), therefore they 
were chosen as biocatalysts in the present studies.
The conditions applied for the reaction systems 
in our present investigations were also chosen on 
the basis of  earlier studies (Chojnacka et al., 2009). 
They were as follows: 20% lipase dosage (based 
on the weight of substrates), temperature 55 °C 
and hexane as a solvent. The only difference was a 
lower linseed oil/PC molar ratio (2:1), because the 
acyl donors (TAGs in linseed oil) contain two acyl 
chains (at sn-1 and sn-3 positions) susceptible to 
enzyme action.
The time course of the incorporation of ALA 
into PC by lipases is shown in Fig. 1. Among the 
lipases Novozym 435 exhibited the highest activity 
giving 34% incorporation of ALA in 72 h, whereas 
Lipozyme® afforded 18% of ALA in modified PC. 
TABLE 2. Total and positional fatty acid composition (% according to GC) of native egg-yolk PC and structured PC (SPC) 
obtained after 72 hours of enzymatic transesterification of egg-yolk PC with linseed oila
FA
Native egg-yolk PC
SPC (linseed oil)b
Novozym 435 Lipozyme®
Total sn-1 sn-2 Total sn-1 sn-2 Total sn-1 sn-2
C16:0 30 63 1 8 8 2 11 28 1
C16:1 1.5 2 1 1 3 – 1 1 –
C18:0 15 29 – 3 3 2 9 13 –
C18:1 28 5 47 28 9 45 31 10 51
C18:2 (LA) 20 1 43 22 8 36 23 14 35
C18:3 (ALA) – – – 34 68 5 18 34 1
C20:4 (ARA) 4.5 – 6 3 1 7 7 – 12
C22:6 (DHA) 1 – 2 1 – 3 – – –
ΣPUFA 25.5 1 51 60 77 51 48 48 48
n-6/n-3 24.5 – – 0.7 – – 1.7 – –
aTabular entries are the average of duplicate determinations from different experimental trials.
bThe oil used in the reaction is given in parentheses.
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Lipozyme TL IM showed the lowest activity in this 
process and only 4% of ALA was detected in the 
modified PC. When the reaction was continued for 
more than 72 h no significant increase in ALA in 
modified PC was observed and the total yield of 
PC was reduced due to the formation of lyso-PC. 
Adlecreutz and co-workers have reported that the 
loss of PC in the reaction system may occur via 
hydrolysis, a side-reaction leading to the formation 
of 2-acyl LPC in the presence of lipase (Adlecreutz 
et al., 2002). Moreover, hydrolysis also produces 
glycerophosphatidylcholine (GPC) from 1-acyl LPC 
(obtained from 2-acyl LPC via acyl migration). In 
our studies the isolated yield of the structured PC 
ranged from 35 to 55%.
Similar differences in activity of  the enzymes used 
(Novozym 435 > Lipozyme® > Lipozyme TL  IM) 
were observed by us earlier during the acidolysis 
of  egg-yolk PC with ALA (Chojnacka et al., 2009). 
The incorporation of ALA was slightly lower (28% 
in the case of  Novozym 435) than that obtained in 
the interesterification process described here. On 
the other hand, Ghosh et al. (1997) modified soy 
lecithin using the methyl esters (ME) of linseed 
oil (53.5% purity) in interesterification catalyzed 
by immobilized lipase from M. miehei with a 1:5 
molar ratio of substrates (PC:ME). They achieved 
only 10.2% of ALA incorporation after 48 hours of 
reaction increasing its content in PC from 5.2% to 
15.4%. Hara et al. (2002) carried out the transacyla-
tion of soy PC with monolinolenin (18:3-MG) and 
no regiospecific lipase OF originating in Candida 
rugosa and they reported an increase in ALA in soy 
PC from 6.3 to 19.9%, after 48 hours of  reaction 
at 37 °C.
Analyzing the total and positional FA com-
position of the native and modified egg-yolk PC 
(Table 2) one can see that the increase of ALA was 
accompanied by a reduction in palmitic (16:0) and 
stearic acid (18:0). In the case of palmitic acid an 
approximately 3-fold decrease in its content was 
observed whereas the amount of stearic acid was 
reduced by even 5-fold. On the other hand, small 
increases in oleic and linoleic acid (18:2) were 
noticed as a consequence of the FA composition 
of linseed oil which contained almost equal (16%) 
amounts of both acids.
The results of the positional analysis show that 
ALA was introduced mainly in the sn-1 position of 
PC which is in accordance with the 1,3-regiospeci-
ficity of the lipases studied.
The result of  the reaction of PC with linseed 
oil was not only the incorporation of ALA into 
PC but also a reduction in the n-6/n-3 ratio in egg-
yolk PC from 24.5 to 0.7 in the case of Novozym 
435 and to 1.7 in the case of Lipozyme® (Table 2). 
This feature is very positive in the context of the 
production of dietary enriched egg-yolk PC as a 
food supplement because an increase in the di etary 
intake of n-6 PUFA changes the physiological 
state to a prothrombotic and proinflammatory state 
(Simopoulos, 2002).
3.2. Interesterifi cation of egg-yolk PC with plant oils 
riched in n-6 PUFAs
Four different plant oils were used as n-6-PUFAs 
acyl donors in the transesterification of egg-yolk 
phosphatidylcholine in order to obtain LA-enriched 
PC and GLA-enriched PC which are useful in 
FIGURE 1. Increase (%) in the α-linolenic acid (ALA) content in egg-yolk PC during 
transesterification with linseed oil catalyzed by three different lipases.
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cosmetic formulations. The fatty acid compositions 
of these plant oils are shown in Table 1. Safflower 
oil and sunflower oil predominantly contain linoleic 
acid (over 70%). Evening primrose oil is the richest 
source of n-6 PUFA, due to the fact that besides 
the highest amount of LA it also contains a con-
siderable amount of γ-linolenic acid (GLA, 10.4%). 
Borage oil is known as the richest natural source of 
GLA (20.4%).
For the incorporation of n-6 PUFAs at the sn-1 
position of egg yolk PC we tried the same reaction 
system and biocatalysts as for the reaction of PC 
with linseed oil. All the reactions were carried out 
for 72 h.
In the transesterification of egg-yolk PC with TAGs 
rich in linoleic acid (safflower, sunflower and evening 
primrose oils), comparable results were obtained 
(Tables 3 and 4). The maximum incorporation of LA 
into PC was 46.7% from an initial content of 20%, 
using Novozym 435 and evening primrose oil. With 
safflower and sunflower oils, at the presence of this 
enzyme linoleic acid was incorporated into egg-yolk 
PC up to 43.9 and 38.7%, respectively. The percent-
age incorporation of LA was higher than obtained by 
Hara et al. (2002) in the transacylation of egg-yolk 
PC with monolinolein (18:2-MG) in the presence of 
lipase OF. They reported an increase in the linoleic 
acid content in modified PC from 7.6 to 28%.
Transesterification between egg-yolk PC and 
LA-rich oils with Lipozyme TL IM or Lipozyme® 
as biocatalysts allowed for the production of struc-
tured PC with similar linoleic acid contents rang-
ing from 26.5 to 34.3%. Contrary to our previous 
experimental trials with linseed oil as an acyl donor 
it was found that Lipozyme TL IM had a slightly 
better ability to incorporate linoleic acid into 
PC than α-linolenic acid. This phenomenon can 
be  explained by the slight discrimination of very 
long chain PUFAs by different lipases. Peng et al. 
(2002) reported that Lipozyme TL IM had a better 
possibility to incorporate caprylic acid (C8:0) into 
PLs than EPA and DHA.
TABLE 3. Fatty acid composition (% according to GC) of egg-yolk PC and structured PC (SPC) obtained after 72 h of 
enzymatic transesterification of egg-yolk PC with safflower and sunflower oila
FA native PC
SPC (safflower oil)b SPC (sunflower oil)
Novozym 435 Lipozyme® Lipozyme TL IM Novozym 435 Lipozyme® Lipozyme TL IM
C16:0 30 8.8 21.7 19.8 13.9 19.9 24.5
C16:1 1.5 – – – – –
C18:0 15 5.4 11.9 13.2 8.0 12.7 14.1
C18:1 28 39.5 32.9 33.0 35.7 31.3 30.9
C18:2 20 43.9 28.7 28.8 38.7 27.5 26.5
C20:4 4.5 2.4 4.8 5.2 3.7 4.1 4.0
Σn-6 PUFA 24.5 46.3 33.5 34 42.4 31.6 30.5
aTabular entries are the average of duplicate determinations from different experimental trials.
bThe oil used in the reaction is given in parentheses.
TABLE 4. Fatty acid composition (% according to GC) of egg-yolk PC and structured PC (SPC) obtained after 72 h of 
enzymatic transesterification of egg-yolk PC with borage and evening primrose oila
FA native PC
SPC (borage oil)b SPC (evening primrose oil)
Novozym 435 Lipozyme® Lipozyme TL IM Novozym 435 Lipozyme® Lipozyme TL IM
C16:0 30 15.7 21.9 23.4 9.4 20.0 18.9
C16:1 1.5 – – – – –
C18:0 15 9.2 12.7 13.8 4.5 10.7 9.6
C18:1 28 35.5 33.8 32.7 32.2 30.4 33.7
C18:2 20 28.2 25.6 24.3 46.7 33.3 34.3
C18:3 (GLA) – 7.3 0.9 0.6 4.0 0.6 0.8
C20:4 4.5 4.1 5.1 5.2 3.2 5.0 4.0
Σn-6 PUFA 24.5 39.6 31.6 30.1 53.9 38.9 39.1
aTabular entries are the average of duplicate determinations from different experimental trials.
bThe oil used in the reaction is given in parentheses.
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Our trials to enrich egg-yolk PC in γ-linolenic 
acid were not so effective because of the fact that the 
amount of GLA in borage and evening primrose oils 
is significantly lower than the amount of ALA and 
LA in oils used in previous experiments. However, 
using Novozym 435 turned out to be the most success-
ful and allowed for the incorporation of 7.3% and 4% 
of GLA into PC when borage and evening primrose 
oils were used as acyl donors, respectively. Lipozyme 
TL IM and Lipozyme® revealed very low activity in 
the interesterification of egg-yolk PC and borage oil.
The results of positional analysis of n-6 enriched 
PC (Table 5) showed the incorporation of LA and 
GLA in the sn-1 position, similar to the incorpora-
tion of ALA (Table 2).
4. CONCLUSIONS
Phosphatidylcholine from egg-yolk was modi-
fied successfully by the introduction of the residues 
of polyunsaturated fatty acids from the n-3 and n-6 
family derived from plant oils. In our studies the 
modification of PC by immobilized lipase from 
Candida antarctica (Novozym 435) and linseed oil 
(source of ALA, n-3 PUFA) or evening primrose 
oil (source of LA and GLA, both n-6 PUFAs) gave 
products with very attractive fatty acid profiles 
(Fig. 2). The SPC obtained from the transesterifica-
tion of egg-yolk PC with linseed oil contained 34% 
of n-3 PUFAs, whereas that obtained with evening 
primrose oil had over 53% of n-6 PUFAs. In the 
case of both structured PC the contents of saturated 
acid did not exceed 14%. Additionally, the modifica-
tion of PC with linseed oil allowed for the reduc-
tion of the n-6/n-3 ratio in egg-yolk PC from 24.5 
to 0.7 or 1.7, using Novozym 435 and Lipozyme®, 
respectively.
The cost of the process is lowered due to replace-
ment of synthetic acyl donors with the cheaper 
natural plant oils. The optimization of reaction con-
ditions (reaction temperature, enzyme load, water 
activity, PC/oil molar ratio) is still needed and will 
TABLE 5. Positional distribution of LA and GLA (% according to GC) in native egg-yolk PC and n-6-enriched phosphatidylcholine 
(n-6-PC) obtained after 72 hours of Novozym 435-catalyzed transesterification of egg-yolk PC with different oilsa
FA
Native egg-yolk PC
n-6-PC 
(safflower oil)b
n-6-PC 
(sunflower oil)
n-6-PC 
(borage oil)
n-6-PC 
(evening primrose oil)
Total sn-1 sn-2 Total sn-1 sn-2 Total sn-1 sn-2 Total sn-1 sn-2 Total sn-1 sn-2
C18:2(LA) 20 1 43 43.9 40.3 42.1 38.7 36 43.2 28.2 25.4 43.5 46.7 46.7 41
C18:3 (GLA) – – – – – – – – – 7.3 12 1 4.0 6.6 0.8
aTabular entries are the average of duplicate determinations from different experimental trials.
bThe oil used in the reaction is given in parentheses.
FIGURE 2. Fatty acid profiles of native egg-yolk PC and structured PC (SPC) obtained in the transesterifications 
with different plant oils after 72 h of reaction catalyzed by Novozym 435 in hexane.
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be published soon. In addition, the enzyme activity 
may differ depending on the immobilization form 
(Rodriguez, 2010) and this aspect may explain the 
differences in the enzymatic activities observed in 
our studies.
PUFA-enriched PC is recognized as a multi-
functional lipid with two functionalities: PUFAs 
and PC. It can find applications in the nutraceuti-
cal (ALA-PC) or cosmetic (LA-PC and GLA-PC) 
fields.
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